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Preparation of a standard hemin solution between 100 and 150 M 
A pre-stock solution was prepared by dissolving one addition of hemin powder from a micro-spatula, 
with a 3 mm square tip, with 10 drops of 0.1 M NaOH, followed by 1 mL of the buffer appropriate for 
the protein analyte (see below). The pre-stock solution was filtered to remove undissolved solid. A 
1000 dilution was used to determine the concentration of the pre-stock by UV/visible absorption 
spectroscopy using the Beer-Lambert law ( is 58400 M-1 cm-1 for hemin1 at 385 nm). An appropriate 
volume dilution was then made to obtain 1 L of a hemin stock solution with a concentration between 
100 and 150 M. For a titration of reduced hemin (ferrous) with an apo-protein, a stoichiometric stock 
solution of dithionite was initially titrated (in µL additions) into the hemin solution. The titration was 
monitored by UV/visible spectroscopy and halted when no further change in the ferrous Soret band was 
observed. 
 
Preparation of the apo-protein solutions between 1.5 and 2 M 
A method similar to Teale et al. was used to prepare solutions of the apo-proteins.2 apo-Horseradish 
peroxidase (HRP) was purchased from Sigma Aldrich and solutions made in 50 mM trisaminomethane 
buffer (pH 8.0) containing 100 M CaCl2; apo-myoglobin (Mb; spermwhale) solutions were made in 
50 mM potassium phosphate (KPi) buffer (pH 7.0); apo-ascorbate peroxidase (APX) solutions were 
made in 10 mM KPi buffer (pH 7.0) containing 150 mM KCl. Protein concentrations were estimated 
by UV/visible absorption spectroscopy ( is 20000 M-1 cm-1 for apo-HRP,3 21430 M-1 cm-1 for apo-
APX3 and 15200 M-1 cm-1 for apo-Mb4,5 at 280 nm).  
 
Heme-binding titration 
An initial volume of 850 L of the apo-protein solution (1-3 M) was added to the quartz sample 
cuvette. Up to 50 L of the diluted hemin stock solution, in increments of 1 to 5 L, was titrated into 
the sample cuvette only. The contents of the sample cuvette were gently mixed following each addition 
of hemin, and a minimum time of 3 minutes passed prior to measuring the UV/visible absorption 
spectrum (using a Perkin-Elmer Lambda 40 spectrometer). A volume of 850 L of the appropriate 
buffer solution was added to the matched-reference cuvette. Using the initial estimation of the apo-
protein concentration, the titration experiment was terminated following addition of twice the 
stoichiometric equivalent amount of hemin. 
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Analysis of experimental data 
A baseline correction was made to absorption values by subtracting, from all the data points, the 
corresponding final value measured at 700 nm. The sequences of UV/visible spectra were copied into 
workbooks in MATLAB software (MathWorks, Inc.), which could be loaded into the multivariate curve 
resolution (MCR) programme. The output files from the multivariate analysis were copied into Origin 
plotting software (OriginLab Corportation). 
 
Fitting of the concentration profiles to theoretical binding curves 
Theoretical equations for the molar concentrations of the holo-protein, [holo]i, and unbound hemin, 
[heme]i, can be derived from Eqs. 3, 4 and 5 (see Methods). These are given below:  
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In order to find the best fit between the output from the multivariate analysis, cholo and cheme, and the 
two theoretical profiles for the molar concentrations given in Eqs. S1 and S2, the parameters p0 and Kd, 
were optimised along with two further variables representing scaling factors,  and , for converting 
the arbitrary concentration values for the holo-protein and unbound heme, respectively, into molar 
concentration values. The values of h0, V0 and vi (for i = 1, ..., n) were known a priori. The optimised 
parameters were determined by iterative minimisation of the standard error of the fit given by:  
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2
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where dof is the number of degrees of freedom, which is equal to the number of data points, N, minus 
the number of fitting parameters (i.e. dof = N − 4), where the four fitting parameters are p0, Kd,  and 
. The analysis was performed using custom software written in Fortran 90. 
In order to find the best fit between the difference absorbance and the theoretical profile for the molar 
concentration of the holo-protein, the standard error of the fit, given in S4, was minimised: 
𝑠 =
∑ (α × 𝑐ℎ𝑜𝑙𝑜,𝑖 − [ℎ𝑜𝑙𝑜]𝑖)
2𝑛
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              (S4) 
In this case, the dof is equal to N − 2, where the two fitting parameters are Kd and . The protein 
concentration (p0) was not treated as a parameter for the analytical fit. 
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Pure component spectra calculated by the MCR algorithm 
The underlying pure component spectra obtained by application of the MCR algorithm to the 
spectrophotometric data from the titrations of APX and Mb with hemin and reduced heme are shown 
in Figure S1. For the example of the spectrophotometric titration of apo-Mb with reduced heme, the 
MCR analysis was performed on a truncated data set between 360 and 700 nm. This was done to 
eliminate the dominant UV bands at short wavelengths for ferrous heme which were an impediment to 
deconvolution of the spectra into pure components. 
 
Figure S1: The pure spectral profiles for the holo-protein, hemin and reduced heme obtained by 
multivariate-curve resolution. (A) Data from a spectrophotometric titration of apo-APX with hemin. 
(B) Data from a spectrophotometric titration of apo-Mb with hemin. (C) Data from a 
spectrophotometric titration of apo-Mb with reduced heme. 
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Variation in the theoretical concentration curves for a range of different Kd values 
 
 
Figure S2: Illustration of theoretical titrations curves for different value of Kd: (A) 1.5 M; (B) 1.25 
M; (C) 0.96 M; (D) 0.75 M; (E) 0.5 M; (F) 0.21 M. In each case, the initial concentration of 
the apo-protein was 2.512 M. Scatter data for the concentration profiles, obtained from MCR-ALS 
analysis of titration data for apo-HRP, is shown in (C) [Best fit Kd was 0.96 M for this data]. Scatter 
data for the concentration profiles, obtained from difference absorbance for apo-HRP, is shown in (F) 
[Best fit Kd was 0.21 M for this data]. 
Precise determination of heme binding affinity in proteins 
 
 
 
 
1 R.M.C. Dawson, D.C. Elliot, W.H. Elliot WH, K.M. Jones KM, Data for Biochemical Research 
Oxford University Press, Oxford, United Kindom (1975). 
2 F.W.J. Teale, Cleavage of the haem-protein link by acid methylethylketone, Biochimica et 
Biophysica Acta 35 (1959) 543. 
3 X. Yuan, N. Rietzschel, H. Kwon, A.B. Walter Nuno, D.A. Hanna, J.D. Phillips, E.L. Raven, A.R. 
Reddi, I. Hamza, Regulation of intracellular heme trafficking revealed by subcellular reporters, Proc. 
Natl. Acad. Sci. USA 113 (2016) E5144-5152. 
4 I. Sirangelo, S. Tavassi, P.L. Martelli, R. Casadio, G. Irace, The effect of tryptophanyl substitution 
on folding and structure of myoglobin, Eur. J. Biochem. 267 (2000) 3937-3945. 
5 M. Jamin, R.L. Baldwin, Two forms of the pH 4 folding intermediate of apomyoglobin, J. Mol. Biol. 
276 (1998) 491-504. 
                                                          
